[1] We used a new, 100-year, 1 Â 1°global fire map and a carbon cycle model (CASA) to provide a yearly gridded estimate of the temporal trend in carbon emissions due to wildfires through the 20th century. 2700-3325 Tg C y À1 burn at the end of the 20th century, compared to 1500 -2700 Tg C y À1 at the beginning, with increasing uncertainty moving backward in time. There have been major changes in the regional distribution of emissions from fires, as a consequence of i) increased burning in tropical savannas and ii) a switch of emissions from temperate and boreal forests towards the tropics. The frequently-used assumption that pre-industrial emissions were 10% of present biomass burning is clearly inadequate, in terms of both the total amount and the spatial distribution of combustion.
Introduction
[2] The total amount of carbon emitted to the atmosphere from biomass burning is uncertain. Neither combustion efficiencies nor the extent of burned areas is known with precision [Kasischke and Penner, 2004] . Even recent global studies based on remote sensing provide a range of estimates varying in their amount and spatial distribution [Boschetti et al., 2004] . However, these cluster around the conclusion that approximately 600 Mha burn annually, emitting around 2500 Tg C y À1 to the atmosphere . Within this context, pre-industrial C emissions from biomass burning are even more difficult to estimate. One common assumption has been that pre-industrial emissions were 10% of the present amount, with the current spatial distribution [Crutzen and Zimmermann, 1991] . Some recent studies assume a less drastic increase through time [Ito and Penner, 2005; Van Aardenne et al., 2001] . For this paper, we focused on developing an estimate of C emissions from biomass burning for the 1980's/1990's, building on results of recent studies, and on extending that to a 100-year history. We computed the direct emissions from biomass burning using the CASA model [Potter et al., 1993] driven by a new gridded, global reconstruction of burned areas through the 20th century. This study, a first spatially-explicit global estimate of the temporal trend of carbon emissions due to fires over the last century, provides yearly maps of carbon emissions.
Carbon Emission Calculation
[3] The amount of carbon emitted directly to the atmosphere by fires (E) is given by
where S is the burned area, C is the combustion efficiency and B the amount of available biomass of fuel types i (wood w, leaves l or litter lit).
[4] We calculated available fuel biomass on a yearly time step using the CASA biogeochemistry model [Potter et al., 1993] , driven by monthly climate (precipitation, temperature, solar radiation) and a vegetation index NDVI (Normalized Difference Vegetation Index) for a single year (1987) . CASA calculates monthly NPP from f-APAR (fraction of Absorbed Photosynthetically Active Radiation) computed from NDVI, PAR (Photosynthetically Active Radiation), and an empirically determined light-use efficiency Emax, which is adjusted based on temperature and precipitation. We set Emax at 0.43 for all the biomes. Other studies use biome specific Emax for a better representation [Still et al., 2004] . Adjusting Emax changes absolute values of NPP, but, when held constant over a simulation, has no effect on the relative temporal or spatial pattern. Parameters that determine the turnover times of carbon in living biomass, litter, and soil pools are constants for each of 12 global biomes, based on turnover values in the literature. We modified the extraeff decomposition parameter from 0.3 to 0.005 to increase carbon accumulation in the passive soil pool and improve agreement between the model and observations (Table 1) . We used the biome map for current vegetation from DeFries and Townshend [1994] , where we replaced the cultivated lands in the biome map with potential vegetation from the same study. Estimated biomass and soil carbon pools were compared with current databases and models (Table 1) .
[5] We used a combustion procedure within the CASA model, in which carbon pools are updated yearly, as described by Van der Werf et al. [2003] . For forested biomes and biomes with a mix of forests and grasslands, a large proportion of the fires affect only the ground layer, leaving trees alive and unburned. For these biomes, we introduced a tree mortality parameter M (percentage of burned area in which trees are burned) resulting in the following emission equation:
[6] To account for effects of fire on soil carbon, we included combustion of the surface, slow, and passive soil carbon pools in the forested biomes (biome types 1 -6) [French et al., 2002; Guild et al., 2004; Soja et al., 2004] . We used 50%, 20% and 5% of the litter combustion efficiency C lit , respectively, for the surface, slow and passive soil carbon pools. Combustion efficiencies and mortality rates, assumed to be constant through the century, are summarized in Table 2 .
[7] As input for areas burned, we used the 1°Â 1°, 100-year fire history of Mouillot and Field [2005] , updated with recent data from Kasischke et al. [2005] and Sukhinin et al. [2004] for Russian fires in the 1990's. To acknowledge the low confidence in the dataset and in the changes in combustion efficiencies due to changes in fire types before the 1960's, we also used a lower scenario. For this, we successively subtracted 1% y À1 to the burned area, working backwards from 1960, leading to a À60% scenario for 1900. This sensitivity analysis provides a reference scale to evaluate the effect of uncertainty in both burned area and combustion efficiency at the beginning of the century. The lower estimate for burned area, À60% below our standard estimate for 1900, is not intended to represent a lower confidence limit in a strict sense. Instead it is an informal estimate of the possible uncertainty in burned area and combustion efficiency.
[8] We spun-up the model for 1000 years before starting the simulation. The fire regime during the spin-up was the average 1900 -1910 fire regime. This period was probably representative of the fire regime in the 50 years before 1900. Even though burned areas before 1,850 may have been much smaller than those after 1850 in boreal and temperate forests , consequences of errors prior to 1850 have limited leverage on the simulated pools in 1900.
Results
[9] Total direct emission from fires was 3325 Tg C y À1 for the 1990's. Of this total, 1670 Tg C y À1 (50%) came from savannas, 1260 Tg C y À1 (38%) came from tropical forests, 209 Tg C y À1 (6.2%) came from boreal forests, and 186 Tg C y À1 (5.6%) came from temperate forests. The total estimate of biomass burning for the 1990's is slightly above the high end of published values (Table 3) , though the estimate for many biomes is within the published range. The high values in our study are mainly for the tropics, for which the burned area in the database of Mouillot and Field [2005] was high compared to other studies [ Tansey et al., 2004] . In addition, we used climate data for 1987 only, a year favorable for savanna NPP. Simulations with a 40% decrease in savanna burned areas induced a 25% decrease in carbon emissions, a non-linear relationship due to fire feed-backs on available biomass (Figure 1, dotted lines) .
[10] Starting from our estimates for the 1990s, we calculate that annual carbon emissions from biomass burning in 1900 were approximately 2750 Tg C y
À1
, equivalent to 82% of present emissions (Figure 1 ). The minimum carbon fluxes occurred in the 1960's, when the total dropped to 2200 Tg C y À1 . With a rough estimate for the large uncertainties in burned area at the beginning of the century, the range of emissions based on a À60% lower limit was 1500 to 2750 Tg C y À1 in 1900. The largest contributor to the overall uncertainty is incomplete knowledge of the extent of savanna burning. However, the hypothesis that emissions from fires at the beginning of the century were only 10% of those at present [Crutzen and Zimmerman, 1991] is unlikely to be correct. Our estimates are closer to the 50% hypothesis [Van Aardenne et al., 2001] used in more recent studies. In contrast to past estimates, our results based on the global fire history and biogeochemistry model indicate a trajectory of fire emissions that started and ended the 20th century at similar values (Figure 1 ). On a biome by biome basis (Figure 1) , carbon emissions at the beginning of the century were 46-86% of the present value in savannas, 15-30% in tropical forests, 62-157% in boreal forests, and 269-359% in temperate forests. When focusing on conterminous USA, our estimate of 270 -410 Tg C y À1 in 1900 is near the center of the 250 -610 Pg C y À1 range found by Leenhouts [1998] , despite the fact that combustion efficiencies should have been much lower at the beginning of the century, due to more frequent, lower-intensity surface fires. Biome types are: (1) broad leaf evergreen trees, (2) broad leaf deciduous trees, (3) mixed trees, (4) needleleaf evergreen tress, (5) high latitude deciduous trees, (6) grass with 10 -40% trees, (7) grass with >10% trees, (8) shrubs, (>8) no vegetation.
While burned area in the USA was 10 times higher at the beginning of the century than in the 1990s, carbon emission was only 3 times higher; our biogeochemical model lowered available biomass as a response to fires, decreasing the quantity of carbon available for later release. This decrease in biomass accounts for at least some of the low-severity surface fires that characterized the early decades of the century, though these feedbacks deserve further analysis.
[11] Carbon emission from biomass burning cannot be extrapolated directly from burned area, because the time between fires is a major controller on the carbon available for combustion. This makes the relationship between burned area and carbon emission non-linear. In the short term, recurrent fires can increase soil litter and woody debris that increase available fuel biomass [Cochrane et al., 1999] . In the longer term, however, an increase in the number of fires tends to decrease available biomass and reduce the amount of carbon emitted during a fire. A 60% decrease in burned area (as in our À60% scenario in Figure 1 in 1900), induces only a 40% decrease in emissions. Subtle differences in fire history could, however, substantially alter emissions, especially when fire has an anthropogenic component.
[12] While our results are based on an explicit fire database and a biogeochemical model that is sensitive to fire history, our approach is subject to several limitations.
[13] 1. We used a constant tree mortality. We know, however, that fire management practices changed through the century. Specifically, fires in temperate and boreal forests were mostly ground fires at the beginning of the century, but crown fires have become more common recently [Mouillot and Field, 2005] . In some parts of the tropics, fire activity shifted from the trees to the ground as the vegetation type changed from forest to grassland. This is partly taken into account with fire feed-backs on available biomass but should be better estimated.
[14] 2. We spun-up the model based on the 1900 -1910 average fire regime. Because the relationship between burned area and fire emissions depends on effects of recent fire history on fuel availability, fire emissions calculated for the early years of the 20th century are likely to be influenced by this fire regime. Similarly, we also suggest using a long fire-history reconstruction as a spin-up fire regime for present estimates of emissions from fire, instead of the 1990's average fire regime commonly used.
Conclusion
[15] The carbon emissions calculated here for the 1990's are similar to those from recent studies based on global remote sensing of burned area. Since our approach dynamically simulates the amount of fuel available for burning based on previous fire history, we captured the non-linear relationship between burned area and emissions. This study provides a first spatially-explicit estimate of the historical fire emissions through the 20th century that accounts for this relationship. Estimated carbon emissions based on this approach were 52 -82% of current emissions in 1900, in contrast to the 10% of present sometimes assumed for the pre-industrial. The spatial distribution of emissions changed dramatically through the century, with increased emissions from the tropics and decreased emissions from the temperate and boreal zones. This is, however, a first estimate. It could be improved with better treatment of ground versus crown fires and careful validation of post fire biomass build-up. Figure 1 . Temporal trend of carbon emission from biomass burning (Tg C y
À1
) for the major terrestrial biomes. The upper line is the scenario based on the fire history of Mouillot and Field [2005] , and the grey area represents the likely range based on À60% uncertainty in fire inputs. The dotted line represents the simulation with a lower biomass in savannas. We also represented the 10% scenario [Crutzen and Zimmermann, 1991] 
